ABSTRACT The United Kingdom Atomic Energy Authority mortality study was designed to investigate the relation between exposure to ionising radiation and mortality among the authority's employees. The present paper describes some of the problems encountered in assessing occupational exposure to low dose radiation and examines whether the study's conclusions about the relation between exposure and mortality could be affected by the methods used. The study covered the years 1946 to 1979 during which time the frequency with which personal film dosimeters were issued changed from weekly to monthly, and the threshold level below which measurements were not made decreased 20-fold. Exposure from "below threshold" readings made an important contribution to total exposure in the early years. Estimates, based on the remeasurement of a sample of old films, indicated that the average whole body exposure before 1961 may have been about double that which was measured. Furthermore, although records were kept of when dosimeters were lost or damaged, the associated exposures were unknown and could only be estimated. Workers whose dosimeter readings were missing for more than 5% of the time during which they were monitored had higher all cause mortality (p = 0-04) and higher mortality from accidents and violence (p = 0-05) than other radiation workers. The results of analyses of mortality in relation to whole body exposure were compared when (a) the exposures included estimates of the below threshold and missing exposures and (h) when these exposures were assumed to be zero. Some of the findings differed, but none changed sufficiently to alter the general conclusions. Although the trend in mortality from all cancers changed from one in which the increase with exposure was far from statistically significant (p = 0-3) when the below threshold and missing values were assumed to be zero to one that approached significance (p = 0 06) after they were estimated, calculations of the annual excess deaths from cancer per unit dose resulted in broadly similar estimates. Studies of workers exposed to ionising radiation usually focus on mortality in relation to whole body exposure. In the present paper its relation to neutron and surface exposure is also examined. Workers with measured neutron exposures had significantly lower all cause mortality than other workers with a radiation record (p = 0-03). Surface exposure was significantly related to mortality from all cancers (p = 0 02) and prostatic cancer (p < 0.001). Some data on cancer registration are presented but these cannot be readily interpreted because cancer registration details were available only for exemployees who may not be typical of the workforce as a whole.
150 only cause of death found to be significantly associated with certain types of exposure to radiation was prostatic cancer.
Studies of workers exposed to radiation commonly consider exposure to whole body radiation, which includes contributions from X and y radiation and sometimes from neutrons. These types of radiation penetrate the body and irradiate tissues beneath the surface. The measurements of such radiation are generally made from dosimeters worn outside the body and, although the relation is not straightforward, they are taken to be indicative of the absorbed dose in the tissues. Workers may, however, be exposed to forms and sources of radiation other than those which contribute to whole body exposure. Beta particles and low energy photons that emanate from sources outside the body irradiate only the superficial layers of the skin and contribute to the "surface exposure" that is measured by dosimeters worn externally and is recorded separately from the whole body dose. Radionuclides may be ingested or inhaled and, although workers are monitored for possible contamination by such substances, the associated tissue doses are often difficult to estimate and are generally not included in the whole body measurements. 3 Previous analyses focused on whole body exposure, although some analyses were presented on individuals monitored for possible contamination by certain radionuclides.2 In those analyses the whole body exposures which were below the threshold level of the measuring devices in use at the time were taken to be zero, as were the exposures associated with dosimeters that were lost or damaged. In the present paper mortality is examined in relation to a revised estimate of each individual's exposure which has been obtained by estimating the contributions from below theshold readings and for lost or damaged dosimeters. The relation between mortality and surface and neutron exposures are also described.
A total of 3433 deaths among 39 547 employees are analysed. These data relate the same authority establishments and period of follow up already described.2 They contain additional deaths notified too late to be included previously and some identified during validation checks.' 2 The causes of death were coded according to the 8th revision of the International Classification of Diseases.4 Cancer registration data, collected for the authority's ex-employees but not presented before, are also discussed.
Analyses in relation to radiation exposure THE DATA Workers exposed to ionising radiation are unusual among occupational groups in that personal monitoring of exposure is obligatory, as is the maintenance Inskip, Beral, Fraser, Booth, Coleman, Brown of monitoring records by the employer. The following information was extracted from each employee's annual radiation record:
(1) Total whole body exposure-an estimate of the exposure which penetrates the body, the main contributions being from X and y rays and sometimes neutrons;
(2) Total surface exposure-an estimate of exposure received at the surface of the body, comprising the whole body exposure plus that received from # particles and low energy photons; (3) Total exposure from neutrons; (4) Number of dosimeters issued; (5) Number of dosimeter readings that were below threshold that is, where the exposure received, if any, was below the level that could be detected by the dosimeter reading equipment in use at the time;
(6) Number of weeks for which dosimeters were issued but a measurement of the exposure was missing-usually because the dosimeters had been lost or damaged. Under these circumstances, for radiation protection purposes, the UKAEA generally record a "notional dose," this being the maximum permissible dose during the period when measurements were missing. Total annual notional doses were also recorded. Inskip, Beral, Fraser, Booth. Coleman, Brown a dosimeter was issued but the exposure reading was absent was recorded annually for each worker. Each worker's unrecorded exposures resulting from missing dosimeter readings were estimated from that same worker's average weekly measured exposures during the remainder of the year, on the assumption that similar exposure occurred during the weeks when the dosimeter readings were missing. Figure 2 shows the mean annual whole body exposure of workers at Harwell, Culham, London, and Winfrith from 1946 to 1979 using three different assumptions about below threshold readings and missing values. Assumption A takes these exposures to be zero. This assumption was made in our previous analyses of these data.2 Assumption B estimates the below threshold exposures for the years up to and including 1960 using the formula y = 0-99 -093x, described above.t After 1960, when the threshold was 0 15 mSv, the below threshold exposures were taken to be zero. The contribution from missing dosimeter readings was estimated from the weekly average of the exposure from existing dosimeters, including the estimated threshold exposure before 1961. Assumption C takes the full value of the threshold level for each below threshold reading, adding the corresponding estimate for missing values. Figure 2 shows that before 1961 widely differing results are obtained from the three assumptions, there being an almost 10-fold variation in the estimated average exposure depending on whether the below threshold readings are taken to be zero (assumption A) or their maximum values (assumption C). Between 1961 and 1967, assumptions A and C still result in slightly different estimates of average exposures but the difference is less than twofold. After 1967, both assumptions result in similar estimates of average whole body exposures. Taking the below threshold values to be zero has been shown to underestimate exposure in the earlier years.' 112 The magnitude of the underestimate of the order of 01 mSv per film,''2 is, however, only one fifth the full threshold value of 0 5 mSv used in the estimations under assumption C. Thus assumption C provides a large overestimate of true exposure and is useful only in indicating an upper limit of the exposure which could be contained in the below threshold readings. The discontinuity of the annual average exposures under assumptions A and C after 1960 (seen in fig 2) is further evidence that neither provides a satisfactory estimate of exposure before 1960. By contrast, the exposures derived under assumption B result in reestimates of exposure for the earlier years which are tOn the occasions where x was less than 0 53 (which occurred for less than 3% of the annual records), y was set to be the threshold value. Before 1948 when the threshold level was I mSv the same equation was used and the resulting value of Y was doubled. (1) Further assessment oJ the effects of occupational radiation exposure in the UKAEA mortality study tO/E = Observed deaths divided by expected deaths. (Observed deaths (0) are shown in parentheses.) Expected deaths are calculated using the mortality rates in the total population analysed. OIE (0) OIE (0) OIE (0) OIE ( tO/E = Observed deaths divided by expected deaths. (Observed deaths (0) are shown in parentheses.) Expected deaths are calculated using the mortality rates in the total population analysed.
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Inskip, Beral presented in table 9 and include Dounreay employees, whose estimates of exposure were adjusted for missing readings. The trend in mortality was significantly for all cancers (p = 0 02), highly significant for prostatic cancer (p < 0-001), and of borderline significance for multiple myeloma (p = 0 07). Mortality from all cancers increased with increasing surface exposure at each establishment but the trend did not reach statistical significance at any one of them alone. There were only four deaths from multiple myeloma and since the test statistic may be unstable with small numbers, the significance probability was calculated by simulation. This yielded a value of 0-07, the same as that obtained using the standard method.
Cancer incidence THE DATA Since 1971, arrangements have been made for cancers registered by regional registries to be notified to the National Health Service Central Registers. 3 The central ethical committee of the British Medical Association granted the Epidemiological Monitoring Unit permission to receive depersonalised cancer registration data for the study population. This information was collected for ex-employees only because the prime purpose of the study was to examine the mortality of the workforce, and the Office of Population Censuses and Surveys was reluctant to flag and place under continuous surveillance workers still employed by the authority, and known to be alive, at the end of the study period (31 December 1979). A total of 656 registrations was notified to the Epidemiological Monitoring Unit for the period 1971-9 for those last employed at sites other than Dounreay: 490 in those last employed at Harwell; 27 at Culham; 51 at the London office; and 88 at Winfrith. Cancer registration data for Dounreay ex-employees were not available in time to be included in this analysis.
Some subjects, employed by the authority when their cancers were registered, died subsequently, and information about their registrations was sent to the Epidemiological Monitoring Unit retrospectively after termination of employment. Of 45 such subjects who had a radiation record, 82% were still employed by the authority at the time of death, compared with only 61% of 41 employees without a radiation record. This suggests that radiation workers may be less likely than others to leave the authority once they Further considerations relate to forms of radiation exposure not usually measured as whole body exposure. Workers with any recorded exposure from neutrons had significantly lower mortality than the remaining workers with a radiation record (p = 0 03). The finding is not consistent with other observations in this workforce in that cancer mortality was found to increase with whole body exposure and those with neutron exposures tended on average to have high whole body exposures. Their low mortality may be a chance finding or there may be special forces operating in the selection of workers for jobs involving possible exposure to neutrons. Surface exposure was significantly associated with mortality from prostatic cancer (p < 0 001) and from all cancers (p = 0 02). Surface and whole body exposure are correlated and the trend for prostatic cancer is consistent with other findings in this workforce. It is not clear why the association for all cancers appears to be stronger for surface than for whole body exposure. If not due to chance it could be that surface exposure is correlated with exposure to other radionuclides or chemicals. The trend in multiple myeloma mortality, which increased with increasing surface exposure, approached significance (p = 0-07) and is of interest as this malignancy was related to radiation exposure in the studies of workers at the Hanford and at the Sellafield plants.7-9 ' It should be pointed out that in all analyses sources of exposure such as natural background radiation-of the order of I mSv per person a year-and exposures associated with medical diagnostic and therapeutic procedures could not be taken into account. They were assumed to be independent of radiation exposure in the workplace. An attempt to analyse cancer incidence by radiation exposure was hampered by the limitations of the data. Since workers still employed by the authority on I January 1980 had not been flagged in the National Health Service Central Registers, analyses were necessarily restricted to a group of ex-employees who may not have been representative of the workforce as a whole. Thus the finding of a significantly higher rate of non-fatal breast cancer in women with a radiation record cannot be readily interpreted, especially since it was not supported by the data for fatal breast cancer, where higher mortality was observed in those without a radiation record.2 Cancer registration data can only provide a valid supplement to analyses based on mortality if the cancers in current employees as well as ex-employees are included.
In conclusion, the data presented here illustrate some of the problems encountered in relating the mortality of a workforce to different levels of occupational radiation exposure when the exposures themselves are low, cannot be measured accurately, and have been assessed in different ways over time. Dosimeter readings are imperfect surrogate measures of the doses received by the internal organs, because the relation between the dose impinging on a dosimeter and the dose absorbed by the tissues is not straightforward. Moreover some dosimeter readings may be missing or be below the threshold level of the measuring devices in use. When exposure levels can be substantially altered by different assumptions about the magnitude of the below threshold doses and of the missing values, the results of analyses of mortality in relation to exposure must be examined carefully. In those circumstances it is necessary to consider the extent to which the conclusions might be affected by different assumptions. Whereas the reestimation of whole body exposure in the population resulted in some changes in the findings in this study none was of sufficient magnitude to alter the conclusions reported earlier. 2 Finally, some of the observations on mortality in relation to surface, neutron, and radionuclide exposure suggest that measures other than whole body exposure should be considered in studies of occupational exposure to low dose ionising radiation.
